Development of the coal-bed natural gas resource of the Powder River Basin of Wyoming and Montana has proceeded rapidly, from fewer than 200 wells in 1995 to more than 22,000 wells in 2007. Continued development of this resource will depend on minimization of water production during gas recovery as well as responsible use of the produced water. Ideally, water should be withdrawn only from isolated coal aquifers to prevent any unnecessary water withdrawal from overlying or underlying aquifers. This study uses the ratio of Sr isotopic data are presented for 145 samples of ground water co-produced with coal-bed natural gas and 14 water samples from wells completed in sandstone aquifers in the Powder River Basin. The coal zone from which each sample was collected was determined by analysis of gamma logs and correlation with the Wyoming State Geological Survey database.
INTRODUCTION
The Powder R iver Basin of northeastern Wyoming and southeastern Montana is one of the most significant energy-producing regions of the These Tertiary-age, nonmarine subbituminous coals are valued for their low sulfur (~0.5% S) and ash (6-7%) contents (Ellis, 1999; Lyman and Hallberg, 2000) .
Powder River Basin coals also host an important natural gas resource. Economically recoverable reserves in the Wyoming parts of the Powder River Basin are estimated at 25.2 trillion cubic feet (Bank and Kuuskraa, 2006) , approximately 10-15 percent of the United States' natural gas reserve. Production of this resource requires drilling a well to the target coal seam, typically less than 2000 feet, under-reaming the coal to create a large void, installation of a submersible pump, and removing water from the coal seam to reduce hydrostatic pressure, allowing the methane to desorb and rise up the annular space of the cased well (DeBruin and Lyman, 1999) . After an initial period of water production, a typical well produces 60,000 cubic feet (60 Mcf, 1700 cubic meters) of methane per day and 4,500 gallons (17,000 liters) of water per day (based on January, 2007 data from the Wyoming Oil and Gas Conservation Commission, 2007) . Total production in the Powder River Basin as of January, 2007 is approximately 1,033,000 Mcf (29,250,000 cubic meters) of methane per day and 78.2 million gallons (296 million liters) of water per day (Wyoming Oil and Gas Conservation Commission, 2007) .
The natural-gas resource developed rapidly. In Wyoming, the number of coal-bed natural gas (CBNG) wells has increased from 152 wells in 1995 to more than 22,000 wells in 2007 ( Fig. 1 ; Surdam et al., 2007; Wyoming State Geological Survey Coal Section, 2007) . However, more recently the pace of development has slowed due to concerns about beneficial use and proper disposal of co-produced water (Bank and Kuustraa, 2006) . Water is a valuable commodity in this semi-arid region, and production of ground water from coal seams may decrease water availability for agricultural and domestic use in areas adjacent to CBNG activity. In 2003 (and amended in 2006) , the State of Montana issued standards for water quality in the Powder, Little Powder, Tongue River, and Rosebud Creek watersheds . Water and gas production in Powder River Basin, 1994 Basin, -2006 . Although the number of producing wells continues to increase, water and gas production has remained fairly constant since 2002. Data from Wyoming Oil and Gas Conservation Commission.
(Administrative Rule of Montana 17.30.1670 Montana 17.30. , 2007 . Because CBNG co-produced water discharged into surface drainages could impact water quality downstream in Montana, these concerns have led to a shift in water-disposal methods from untreated surface discharge, either into impoundments (ponds) excavated within existing channels or impoundments off existing channels, to treatment prior to surface disposal, dispersal by means of atomization sprayers, or use of produced water for surface and sub-surface irrigation (Wheaton and Donato, 2004) .
Responsible development of the CBNG resource requires minimization of water production during gas recovery. Ideally, water should be withdrawn only from isolated coal aquifers to prevent wasteful and unnecessary water withdrawal from any overlying or underlying sandstone aquifers. The objective of this study is to identify locations in the Powder River Basin where coal seams are hydraulically isolated from adjacent aquifers and hence water production will be limited to the coal. Communication between coals and adjacent aquifers can be the result of depositional setting or vertical fracturing during well development. This study uses the ratio of 87 Sr/ 86 Sr of ground water to evaluate aquifer communication. The ratio of 87 Sr/ 86 Sr of ground water represents a time-integrated record of water-rock interaction, such that water from aquifers composed of different rocks may acquire different Sr isotopic ratios. This present work builds upon the preliminary Sr isotopic data from CBNG and monitoring wells presented by Frost et al. (2002) . That work showed that coaland sandstone-aquifer systems may have distinct Sr isotopic compositions, and intermediate ratios may indicate incomplete aquifer isolation or improper well completion and therefore wasteful excess water production. The initial work focused on a limited data set from the eastern area of the Powder River Basin in the vicinity of Gillette and Wright, Wyoming, and it did not differentiate individual coal zones. Hence the goals of this study are to address the following questions:
Do coal-aquifer and sandstone-aquifer waters ture patterns introduced during completion of individual wells?
HYDROGEOLOGIC SETTING
The Powder River Basin is a 60,000 km 2 (23,000 mi 2 ) asymmetric structural and sedimentary basin in northeastern Wyoming and southeastern Montana that formed during Late Cretaceous to early Tertiary time as a Laramide foreland basin (Ayers, 1986; Flores and Ethridge, 1985; Hinaman, 2005) . The basin's axis trends north-northwest and is proximal to the western margin (Fig. 2) . The basin is bounded to the east by the Black Hills, to the west by the Big Horn Mountains and the Casper Arch, and to the south by the Laramie Mountains and the Hartville Uplift. The northern part of the basin in Montana is bounded by the Miles City Arch and the Cedar Creek Anticline (Montgomery, 1999) . Coal seams are found in both the Paleocene Fort Union Formation, which crops out on the basin margins, and the overlying Eocene Wasatch Formation. The uppermost member of the Fort Union Formation, the Tongue River Member, transitions into the Wasatch Formation without obvious lithologic change at the contact (Hinaman, 2005; Glass, 1976) . Both formations are composed of sandstone, siltstone, mudstone, conglomerate, limestone, carbonaceous shale, and coal. In areas where the coal beds split, fluvial channel sandstones or mudstones are the interbedding strata (Flores and Bader, 1999) .
Coal correlations across the basin are complicated by the merging and splitting of coal seams and by the use of local names in different parts of the basin. In this study we adopt the nomenclature of the Wyoming State Geological Survey (Wyoming State Geological Survey Coal Section, 2007) , which divides the late Paleocene and Eocene coals into eight coal zones. From stratigraphically lowest to highest, the six coal zones within the Tongue River Member of the Paleocene Fort Union Formation are the Basal Tongue River, Sawyer, Knobloch, Lower Wyodak, Upper Wyodak, and Wyodak Rider. The Eocene Wasatch Formation includes the Felix and the overlying Lake DeSmet coal zones (Fig. 3) . Davis (1976) described four major aquifers in the Powder River Basin: (1) continuous coals with widely variable transmissivity from 100 gal/day/ft to 10,000 gal/day/ft based on fracture concentration and conti-SR ISOTOPES IN WATER CO-PRODUCED WITH COAL BED NATURAL GAS nuity; (2) clastic overburden and underburden adjacent to the coals including paleochannel sands, siltstone, and shale deposits, all with low permeability and a high degree of isolation from one another; (3) clinker, produced by baking and melting overburden during combustion of coal beds, which has porosities up to 35 percent and variable transmissivity from 150 gal/ day/ft to 3,000,000 gal/day/ft; and (4) alluvial aquifers noted for transmissivities of 200-500 gal/day/ft. The regional topographic gradient drives the basin-wide flow system from the southwestern side of the basin to the lower northeastern section of the basin (McPherson and Chapman, 1996) . A potentiometric surface map of the Upper Wyodak coal seam produced by Daddow (1986) suggests that recharge and flow in the coal mimics the recharge patterns inferred from the topographic geometry of the basin. Recharge that occurs near the coal outcrop on the eastern margin is driven by topographic gradient westward toward the basin axis and from the southern margin to the north (Rankl and Lowry, 1985; Daddow, 1986) .
Ground-water residence times are poorly known for Powder River Basin aquifers. Pearson (2002) suggested times of 7,000-70,000 years for ground water to f low from the eastern recharge to the central part of the basin based on limited tritium data and Darcy's Law calculations. Residence-time ages between the recharge area and the most easterly wells in the Sheridan area (Fig. 2) were estimated between 1,200 and 12,000 years based on the proximity of these wells to the recharge and the hydraulic gradient (Pearson, 2002) . These estimates are in general agreement with a maximum mean 14 C date of 21,000 years as reported by Frost and Brinck (2005) from an artesian well discharging from a sandstone aquifer in the center of the basin immediately west of the Powder River (sec. 19, T. 52 N., R. 77 W.).
METHODS
Water samples were obtained from producing CBNG wells and McLellan et al. (1990) suggested the axis passes through Sheridan area and continues into Montana. Most coal production is from open-pit mines along eastern margin of basin in Wyoming. Coal bed methane production started west of these mines in area near Gillette and Wright, Wyoming and has since spread westward and northward. Locations of samples analyzed in this study are shown by symbols that are keyed to coal zone or sandstone aquifer from which water samples were collected. Boxes outline groups of wells discussed in text.
C. E. CAMPBELL, B. N. PEARSON, AND C. D. FROST from monitoring wells. Two well-casing volumes of water were removed from monitoring wells prior to sample collection; water from continuously pumping CBNG wells was collected via bypass valves after a 5 second flushing period. Temperature and pH were measured in the field. Samples were filtered through a 0.45 micron filter and kept cool and dark prior to analysis. One aliquot of each sample was acidified to pH 2 for cation analysis.
Strontium was isolated from a 3 ml aliquot of each un-acidified water sample using Teflon columns filled with Eichrom® Sr-Spec resin and the strontium isotopic composition determined by thermal ionization mass spectrometry at the University of Wyoming. Major cations and trace elements were measured for the CBNG production wells by ICP-MS, sodium (Na) by flame atomic absorption, anions by ion chromatography, and alkalinity by potentiometric titration at the University of Wyoming. TDS was calculated by summing the major ionic constituents and converting bicarbonate into equivalent carbonate (Drever, 1997) .
SAMPLES
159 ground-water samples were analyzed for this study and are interpreted along with 30 additional analyses reported in Frost et al. (2002) Campbell (2007) ; water-quality data for the remaining 90 samples were obtained from the BLM, USGS, and CBMA, Inc.
The coal zone from which each CBNG-produced water sample was collected was determined by analysis of gamma logs for each well, which are available from the Wyoming Oil and Gas Conservation Commission and Montana Board of Oil and Gas websites. The lithologic interpretations of these logs were combined with the database used by the Wyoming State Geological Survey to construct cross sections and identify the coal zone from which the water was withdrawn. The coal zones, along with the coal-seam names filed by the producer with the Wyoming Oil and Gas Conservation Commission and Montana Board of Oil and Gas, are listed in Table 1 . Lee (1981) showed that deep ground waters in the Powder River Basin are uniformly of sodium-bicarbonate signature, but that shallow ground waters are more variable in composition. His observations reflect the geochemical evolution of water-recharging coal aquifers, which Brinck et al. (in press) summarized as composed of five steps. First, soluble salts that have accumulated in the semi-arid soils of the basin redissolve. Next, the water dissolves gypsum and salts in the aquifer and incorporates products of pyrite oxidation. These processes result in calcium-sulfatedominated ground waters. Third, sulfate reduction consumes sulfate and generates bicarbonate. This increase in bicarbonate causes precipitation of calcite. Accompanying these steps is cation exchange between water and aquifer materials, which removes calcium and magnesium from the water and replaces them with sodium. In addition, bacterially mediated methanogenesis takes place in Powder River Basin coals.
RESULTS

Water-quality Results
The major ion chemistry of water samples in this study illustrates the geochemical evolution described above. Waters from shallow wells in the Gillette area SR ISOTOPES IN WATER CO-PRODUCED WITH COAL BED NATURAL GAS (Fig. 4) . Although water from all coal zones is sodium-bicarbonate type (and thus major ion compositions do not differentiate waters from different coal zones), there are some spatial patterns in water quality. Total dissolved solids (TDS) are lowest along the eastern margin of the Powder River Basin, typically under 1000 mg/L. They are highest along the Johnson-Campbell county line at approximately 106° W longitude (exceeding 3.000 mg/L in some wells) and intermediate in the area of Sheridan (Fig.  5) . Our data are consistent with those of Rice et al. (2000) , whose smaller dataset was restricted mainly to water samples from wells in Campbell County near the eastern edge of the Powder River Basin. They described the variation in TDS in the Powder River Basin as increasing from southeast to northwest but did not have access to the more recently completed, deeper wells farther west into the basin that exhibit the highest TDS. Neither did they analyze the relatively dilute produced water from wells in the Sheridan area.
Sodium-adsorption ratio (SAR), defined as:
Mg Ca Na L mmol SAR (Essington, 2004 ) also is highest along 106° W longitude (Fig. 6) . Most water samples with SAR greater than 20 are found in this area of the basin.
Most of the samples in this study are from wells located in Wyoming on the eastern side of the basin axis, where the CBNG development began. The recharge area for these samples is along the eastern margin of the basin. A major recharge zone for coal aquifers is the clinker outcrops adjacent to the surface coal mines that extend from southeast of Wright to northeast of Gillette. Ground water recharged on the eastern side of the basin is driven westward by the topographic gradient toward the Powder River and the basin's axis. The distance of the well from the eastern clinker outcrops is a proxy for relative ground-water residence time, such that wells closer to the clinker outcrop yield water with shorter resi-dence time than wells located farther west. Plotted as a function of distance from recharge, TDS of coalaquifer waters increases with increasing distance into the basin, and values of TDS higher than 2,000 mg/L occur for samples collected more than 45 km from recharge (Fig. 7) . Some shallow wells, ranging in depth from 80 to 300 feet (25-92 m), in sandstone aquifers near the recharge area also have high TDS (Fig. 7) . Water from these shallow wells is also high in sulfate. High concentrations of sulfur in wells suggest that they have not yet undergone bacterial reduction of sulfate. That process reduces the concentration of sulfate and increases the concentration of bicarbonate, causing Ca and Mg to precipitate as carbonates and decreasing TDS (Brinck et al., in press ). Disregarding these samples and considering only those that have undergone sulfate reduction, residence time appears to be more important than depth of coal seam. There is no strong correlation of TDS with well depth, although all CBNG well waters with high TDS are from wells more than 1,000 ft deep. SAR also increases with increasing distance from recharge zone (Fig. 8) , although there is considerable variation.
Strontium Isotope Results
87 Sr/ 86 Sr ratios for the ground waters in this study vary from less than 0.711 to more than 0.715 (analytical uncertainty is ± 0.00002). The 87 Sr/ 86 Sr ratios are lowest in the Sheridan area along the Montana-Wyoming border, and the highest are along 106° W longitude (Fig. 9) (Fig. 10) . However, in the Buffalo area, water from the Lake DeSmet coal zone is more radiogenic than water from the Felix coal zone. Also, in the Black Diamond development area of the northeastern part of the basin, water sampled from the Lower Wyodak coal zone is more radiogenic than water from the Upper Wyodak coal zone.
DISCUSSION
Trends in Water Quality and Sr Isotopic Composition in Gillette-Schoonover Area
Because this part of the basin was the first to be developed for the CBNG resource, the preliminary studies by Frost et al. (2001 Frost et al. ( , 2002 were focused on wells located between Gillette and Wright (here referred to as the Gillette area; see area outlined on Fig. 2) . Most of these wells were completed in the Upper Wyodak coal zone. Our new analyses include a number of samples further westward into the basin, here referred to as the Schoonover area (Fig. 2) 87 Sr/ 86 Sr ratios for waters from these wells are plotted in Figures 7, 8 , and 11 as functions of distance from the recharge area along the eastern margin of the basin.
Water from the Upper Wyodak coal zone is low in SAR (<10) and TDS (<1,000 mg/L), and TDS increases slightly with increasing distance from the recharge zone (Figs. 7 and 8) . Water from the Wyodak Rider coal zone extends the trend to higher TDS and SAR, particularly for samples more than 50 km from the recharge zone. The 87 Sr/ 86 Sr ratios in waters of the Upper Wyodak coal zone in the Gillette-Schoonover area show an increasing ratio with increasing distance from the recharge zone, as described by Frost et al. (2002;  Fig. 11 ). However, waters from the Wyodak Rider coal zone fall below this trend and extend to very low ratios. The sandstone-aquifer waters in the Schoonover area are similarly low in 87 Sr/ 86 Sr. The trend in results for TDS from CBNG coproduced waters implies an increase in dissolved solids with increased water-residence time. The correlation of 87 Sr/ 86 Sr ratios in waters of the Upper Wyodak coal zone with distance into the basin from the recharge zone suggests that the 87 Sr/ 86 Sr ratio increases with increased water-rock interaction along the flow path.
Water from shallow-sandstone aquifers in the Gillette and Schoonover areas has relatively unradiogenic 87 Sr/ 86 Sr isotopic ratios, irrespective of distance from the recharge area (Frost et al., 2002; Brinck and Frost, 2007) . As a result, the distinction between Upper Wyodak coal zone waters and water from shallow-sandstone aquifers becomes pronounced for Figure 5 . Total dissolved solids (TDS) in ground water co-produced with coal-bed natural gas. TDS are lowest in eastern parts of basin, and highest values occur along 106° W longitude. Water-quality data from Table 1. wells located more than 5 km into the basin. That suggests the Upper Wyodak aquifer system is isolated from other, shallower-sandstone aquifers.
In contrast, one ground-water sample collected from a deep sandstone, G71S (1,450 ft), has a Sr isotopic ratio and TDS indistinguishable from a neighboring Upper Wyodak well (1,448 ft deep). Moreover, where Upper Wyodak coals are in direct contact with overlying sandstones as determined from gammalog analysis (e.g., samples G13U, G14U, and G20U), the water samples do not have the higher TDS and lower 87 Sr/ 86 Sr that might be expected if these wells produced ground water from both coal and a chemically and isotopically distinctive sandstone aquifer. These results suggest that the Upper Wyodak aquifer is composite, composed of both coal and sandstone.
The chemical and isotopic characteristics of ground-water samples from the Wyodak Rider coal zone contrast with those from the Upper Wyodak coal zone. A large range in TDS and 87 Sr/ 86 Sr ratios is observed in the Wyodak Rider coal zone waters, particularly at 50 to 70 km into the basin from the eastern recharge zone. In some cases this may reflect well completion. Two of the wells, S6W and S7W are perforated to draw water from the coal and overlying sands. Hence elevated TDS and lower 87 Sr/ 86 Sr ratios reflect the introduction of water from both aquifers into these wells. For other wells that are open only to coal, the variability may indicate incomplete aquifer isolation and resulting interaction of ground waters between coal and sandstone aquifers. This hypothesis is supported by a seismic survey conducted in the Figure 6 . Sodium adsorption ratio (SAR) in ground water co-produced with coal bed natural gas. SAR is low along margins of basin and highest in center at around 106° W longitude. SAR data from Table 1. vicinity of 106° W longitude at Burger Draw by Morozov (2002) that imaged the Big George coal (part of the Wyodak Rider coal zone) and identified complex faulting with offsets of approximately 10 meters (30 feet) within the Big George coal and underlying strata. This faulting could cause hydraulic connections between coal and other aquifers.
Many Wyodak Rider wells produce higher water-to-gas ratios than average for the Powder River Basin. The average water/gas ratio for 19,158 coalbed natural gas wells that have produced for more than two years is 1.8 bbls/mcf (Surdam et al., 2007) , Although 30 percent of the wells studied here that are completed in the Big George seam of the Wyodak Rider coal zone have average or below average water/gas ratios, an equal number have water/gas ratios greater than 20, and 15 percent exceed 100 ( Fig.  12 ; Table 2 ; Wyoming Oil and Gas Conservation Commission, 2007) . By contrast, water/gas ratios for other coal seams include few to no ratios exceeding 20 ( Fig.  4 ; Table 2 ; Wyoming Oil and Gas Conservation Commission, 2007). The intermediate Sr isotope ratios and elevated TDS compared to other coal aquifer waters, coupled with evidence of faults in the subsurface, long dewatering periods and minimal gas production, all suggest that the Wydoak Rider coal zone is not well isolated from adjacent aquifers, particularly in the vicinity of 106° W longitude.
We c onclude t hat i n t he Gillette-Schoonover area, the Upper Wyodak coal zone appears to be isolated, and thus CBNG development likely removes water only from a composite Upper Wyodak aquifer system. On the other hand, the TDS, SAR and Sr isotopic characteristics of some of the waters from Wyodak Rider wells suggest that there may be leakage from adjacent aquifers when these wells are depressurized, particularly in the center of the basin.
Possible Influence of Faulting on Sr Isotopic Composition of Ground Water
Northeastern Area
The Sr isotopic data from the northeastern part of the Powder River Basin are more scattered than those from the Gillette and Schoonover areas (Fig. 13) . Some of the northeast samples plot above the "Gillette trend" as defined by the Upper Wyodak water samples from the Gillette area (Fig. 13) ; others plot below.
One distinction between the northeastern area and the GilletteSchoonover areas is the presence of mapped faults in the northeast. These faults could act either as seals or conduits for water and gas f low. The group of samples lying above the Gillette Sr isotopic trend is located in the eastern part of the Northeast area. These samples have comparatively low TDS (<1,000 mg/L). The high 87 Sr/ 86 Sr ratios and low TDS suggest that C. E. CAMPBELL, B. N. PEARSON, AND C. D. FROST these coals are well isolated from sandstone aquifers and that if faults influence the hydrology of this area, they are acting as seals. It is noteworthy that none of these wells has produced more than 500 MCF gas/month (Wyoming O i l a n d G a s C on s e r v a t i on Commission, 2007) . The group of samples lying below the Gillette trend is located northwest of the high 87 Sr/ 86 Sr ratio group. These water samples also have higher TDS (1,300-1,800 mg/L). The combination of low 87 Sr/ 86 Sr ratios and high TDS suggests that in this area the coals are not completely isolated, possibly because the faults in this area act as conduits to ground-water flow. Wells in this area are associated with relatively high gas production (typically >1.000MCF/ month; Wyoming Oil and Gas C on ser vat ion C om m i s sion, 2007).
Sheridan Area
The Sheridan sample subset also illustrates the possible role of faults in increasing recharge rates, decreasing residence time of ground water in coa l a nd sandstone aquifers, and allowing co-mingling of waters from different aquifer types. This area is marked by a number of steeply dipping, east-northeast-trending normal faults (Van Voast et al., 1977; Kanizay, 1978; Love and Christiansen, 1985) . Coalaquifer waters of the Sheridan a rea d isplay lower Sr isotopic ratios than those from the Gillette area (Figs. 9 and 10 ) and no correlation between isotopic ratio and production depth. Like the group of samples from northeastern coal-aquifer water with low 87 Sr/ 86 Sr ratios, the TDS of these coal-aquifer waters is elevated (700 -1,900 mg/L) relative to the TDS of the Upper Wyodak samples near Gillette. The relatively high TDS of both the northeastern subset and Sheridan area samples suggests that the waters are in the initial phase of ground-water evolution expected for ground waters with short residence times. It is possible that local faults may serve as recharge zones for the coal and sand aquifers. Fault displacements in the Sheridan area of 200-300 ft (Culbertson and Mapel, 1976; Van Voast and Hedges, 1975) could place lithologies with different isotopic and geochemical qualities in direct contact, thus providing an intermediate isotope signature between coal and sandstone.
Little to no gas has been produced from any of these wells. The low Sr isotope ratios and lack of gas production suggest: (1) these samples are composed of water from both coal and sandstone aquifers; (2) faults in this region served as conduits for ground-water recharge and flow, complicating the depressurization process; and/or (3) proximity to recharge area is not favorable for coalbed natural-gas production on the western side of the basin. A combination of these processes appears to limit gas production and retard development of distinct isotopic and chemical characteristics in produced water between coal and sand aquifers. 
Geographic and Temporal Variability Due to Depositional Systems and Sediment Provenance
Although the details are debated, there is general agreement that the Paleocene and Eocene strata of the Powder River basin were deposited in a fluvial/lacustrine environment. Ayers and Kaiser (1984) envisioned a system of deltas supplying Lake Lebo. Each delta had a different source area, and therefore may have transported clastic material with different 87 Sr/ 86 Sr ratios. Seeland (1992) suggested a north-flowing fluvial system fed by various uplifts around the basin. Cross bedding in the sandstone aquifers of the Tongue River Member of the Fort Union Formation and of the Wasatch Formation led Flores (1986) 87 Sr/ 86 Sr ratios for water co-produced with coal-bed natural gas. Ratios increase from east to west, with highest ratios occurring for samples from wells located at approximately 106° W longitude. Lowest ratios are from Sheridan area near WyomingMontana border. Data from Table 1. C. E. CAMPBELL, B. N. PEARSON, AND C. D. FROST underlying Felix coals, possibly reflecting an increase in the amount of radiogenic (high 87 Sr/ 86 Sr ratio) Precambrian detritus being eroded from the Big Horn Mountains as these were uplifted in Eocene time (Whipkey et al., 1991) .
Aeolian dust may be an important source of the Sr preserved in coal. A number of studies have determined that the majority of Sr in plant material originates from dry or wet deposition of atmospheric dust (Graustein and Armstrong, 1983; Négrel et al., 1993) . The dense, woody vegetation of peat swamps may have trapped airborne dust, and the low-energy environment of the swamps may have allowed dust to settle and be preserved during the coalification process. Some sources of aeolian detritus may be local, but fine atmospheric dust may have been derived from great distances (e.g., Dymond et al., 1974) . As for fluvially transported clastic material, the 87 Sr/ 86 Sr ratio of aeolian dust deposited in the Powder River Basin may vary spatially and temporally.
Correlation of Sr Isotopic Compositions to Water Enhancement and Resulting Fracture Patterns
The water-enhancement process used to complete CBNG wells in the Powder R iver Basin hydraulically fractures the coal. Water is pumped into the coal seam at a rate of 2,500 gallons per minute for approximately 15 minutes, cleaning out the coal fines and inducing fractures that may create pathways for gas and water to flow to the wellbore. The orientation of these hydraulic fractures can be determined from the wells' completion records (Colmenares and Zoback, 2007) . Colmenares and Zoback (2007) found that wells with horizontal fractures typically produce less gas than wells with vertical fractures. Some wells with vertical fractures are high water producers (more than 10,000 barrels/month); a large fraction of these produce no gas or have delays in gas production of about 12 months. . 87 Sr/ 86 Sr ratios by coal zone and location in Powder River Basin. In most areas of Powder River Basin, 87 Sr/ 86 Sr ratios do not distinguish different coal zones. But in Buffalo area, water from Lake DeSmet coal zone is more radiogenic than water from Felix coal zone. In Black Diamond development area of northeastern part of basin, water from Lower Wyodak coal zone is more radiogenic than water from the Upper Wyodak coal zone. Data from Table 1. We h ave obt a i ne d w ater samples and Sr isotopic compositions for 50 of the wells for which Colmenares and Zoback (2007) identified fracture patterns to determine whether fracture pattern and/or water and gas production correlates with 87 Sr/ 86 Sr ratio. Of these, 47 are vertically fractured, and 3 are horizontally fractured. The vertically fractured wells were subdivided into two groups: those wells that are high water producers (more than 6,000 bbls/month or 1,000 cubic meters/month) and those that are low water producers. Overall, there appears to be little correlation among Sr isotopic composition, fracture pattern, or water/gas ratio. The average 87 Sr/ 86 Sr ratio is only slightly lower for water from vertically fractured, low water producers compared to vertically fractured high water producers (Fig. 14) . However, in the southeastern corner of Johnson County, in the small, 10 km by 10 km Bullwhacker area (Fig. 2) 
CONCLUSIONS
T he Sr isotopic rat ios of ground waters from coal in the Powder River Basin of Wyoming are influenced by a number of factors including the coal zone from which ground waters are withdrawn, ground water residence time in a particular aquifer, the degree to which coal aquifers are confined, and geographic location. These factors and their effects on Sr isotopic ratios are summarized below.
1. The Upper Wyodak coal zone aquifer in the Gillette and Schoonover areas appears to be composed of a combined sandand coal-aquifer unit. The ground 
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Sr/ 86 Sr ratios as a function of distance from recharge area for water samples in Gillette and Schoonover areas. Note the regular increase in Sr-isotope ratio for samples from Upper Wyodak coal zone; this is suggested to reflect water-rock interaction along flow path in a well-confined aquifer. The Wyodak Rider samples depart from this trend, particularly in the Schoonover area, and may reflect incomplete isolation of this coal aquifer from deep sandstone aquifers containing less radiogenic (lower) Sr ratios may be influenced by faults apparently acting as conduits for water flow enabling mixing of water from different aquifers. Some samples from the Sheridan area also exhibit low Sr isotopic ratios, and faults in this area also may enhance recharge and flow rates. The low 87 Sr/ 86 Sr ratio produced water in the Northeast area is associated with higher gas production than the high 87 Sr/ 86 Sr ratio produced water, suggesting the possibility that the Sr isotopic ratio of water samples from newly drilled wells may help predict the future gas production from the well.
4. Depositional environment may play an important role in the Sr isotope ratio of ground water throughout the basin. Previous research has identified multiple sources in the surrounding Laramide uplifts for the sediments that compose the Fort Union and Wasatch Formations of the basin. These sources have highly variable ratios of 87 Sr/ 86 Sr, which may be imparted to the ground waters from each of these areas. In the western part of the basin, in vicinities of
Big George
average water/gas ratio = 67
(n = 54, excluding five wells producing little to no gas)
Upper Wyodak
average water/gas ratio = 22
(n = 29, excluding one well producing no gas)
Anderson average water/gas ratio = 14 Histograms of water/gas production ratios (bbls/ mcf ) for wells completed in Big George, Upper Wyodak, Anderson, and Canyon coal seams. A greater proportion of wells completed in Big George coal seam have high water/gas ratios compared to wells in other coal seams. Data from Table 2 . Sr ratios than those in the central and eastern margin of the basin, the Northeast, Schoonover, and Gillette areas. Temporal changes in depositional environment may explain the higher Sr isotopic ratios of water withdrawn from the Lake DeSmet coal zone compared to the underlying Felix coal zone in the vicinity of Buffalo. We also note that the water and gas production from the Eocene coals appears to be significantly lower than that of the Paleocene coals. That conclusion is based on a limited number of samples, however, and additional evaluation is warranted.
SR ISOTOPES IN WATER CO-PRODUCED WITH COAL BED NATURAL GAS
5. Evaluating the direction of fractures propagated during the water-enhancement process, coupled with the 87 Sr/ 86 Sr of the produced water, may be useful in evaluating wells with minimal gas production and high water production. Vertically fractured coal seams where sandstone is present within 30 meters (100 feet) above or below the coal are most likely to be in hydraulic communication with sandstone aquifers. However, water from two aquifers must have distinctive Sr isotope ratios in order for the direction of fracture propagation to be correlated with the Sr isotopic ratio of the produced water. . 87 Sr/ 86 Sr ratios as a function of distance from recharge area for water samples in northeast area. These data form two groups that correspond to distinct geographic areas; one plots above Gillette trend and the other below. The group of samples lying above Gillette Sr-isotopic trend have comparatively low TDS, whereas samples lying below Gillette trend have higher TDS and lower 87 Sr/ 86 Sr ratios. Coals yielding latter group of water samples may be affected by faults that act as conduits to ground-water flow. Data from Figure 14 . Water/gas production ratios for wells with known fracture patterns as a function of 87 Sr/ 86 Sr ratios. V-H = vertical high-water producing wells; V-L = vertically fractured low water-producing wells; H-L = horizontally fractured, low-water producing wells; and H-H = horizontally fractured, high water-producing wells. Data from Tables 1, 2, and Wyoming Oil and Gas Commission (2007).
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